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Abstract 
Understanding the lateral extent of a CO2 plume has important implications with regards to buying/leasing pore volume 
rights, defining the area of review for an injection permit, determining the extent of an MMV plan, and managing basin-scale 
sequestration from multiple injection sites.  The vertical and lateral distribution of CO2 has implications with regards to 
estimating CO2 storage volume at a specific site and the pore pressure below the caprock.   
Geologic and flow characteristics such as effective permeability and porosity, capillary pressure, lateral and vertical 
permeability anisotropy, geologic structure, and thickness all influence and affect the plume distribution to varying degrees. 
Depending on the variations in these parameters one may dominate the shape and size of the plume.  Additionally, these 
parameters do not necessarily act independently.   
A comparison of viscous and gravity forces will determine the degree of vertical and lateral flow.  However, this is dependent 
on formation thickness.  For example in a thick zone with injection near the base, the CO2 moves radially from the well but will 
slow at greater radii and vertical movement will dominate.  Generally the CO2 plume will not appreciably move laterally until the 
caprock or a relatively low permeability interval is contacted by the CO2.  Conversely, in a relatively thin zone with the injection 
interval over nearly the entire zone, near the wellbore the CO2 will be distributed over the entire vertical component and will 
move laterally much further with minimal vertical movement.  Assuming no geologic structure, injecting into a thin zone or into
a thick zone immediately under a caprock will result in a larger plume size.   
With a geologic structure such as an anticline, CO2 plume size may be restricted and injection immediately below the caprock 
may have less lateral plume growth because the structure will induce downward vertical movement of the CO2 until the outer 
edge of the plume reaches a spill point within the structure. 
Keywords: Type your keywords here, separated by semicolons ;  
1. Introduction 
Displacement processes caused by fluid injection have been studied in the petroleum industry for decades.  The 
earliest reported designed waterflood of an oil reservoir was in 1924.1  The early literature is dominated by water 
displacing oil.  Other fluids such as CO2, rich and lean gas, polymer and surfactant injection have been studied in 
more detail over the last three to four decades.  Displacement efficiency is one the most important and heavily 
researched topics in reservoir engineering because it is directly related to increasing oil recovery.  The displacement 
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efficiency is the product of microscopic and macroscopic displacement efficiency.  For CO2 sequestration, this 
product has been called the storage efficiency.2-3
Macroscopic or volumetric displacement efficiency is the fraction of the effective pore volume that the injected 
fluid contacts.  Microscopic displacement efficiency is the fraction of the in situ fluid displaced by the injection fluid 
from within the contacted fraction of the effective pore volume.   
Volumetric displacement efficiency (Ev) is predominantly a function of geologic heterogeneity (e.g. vertical and 
lateral permeability anisotropy) and gravity segregation between the CO2 and water.  An EV of 100% implies that 
the entire defined effective pore volume is contacted with CO2, but does not mean all of the water is displaced from 
this pore volume.  The fraction of the water displaced by CO2 is the microscopic displacement and is determined by 
the irreducible water saturation in the presence of CO2.
In general for a given injection volume, a relatively lower volumetric displacement efficiency reflects a larger 
areal plume extent, and a relatively higher volumetric displacement efficiency reflects a smaller areal plume extent.  
The assumption is that a less efficient storage process yields a larger plume size that bypasses effective pore space 
and creates a larger plume extent.   
2. Geologic and Rock Properties  
In order to make a comparison between relative plume extent and various geologic features and rock properties, a 
constant injection volume and injection pressure are necessary.  Also common to most all of the descriptions below 
is that no attempt was made to define “plume” as some maximum saturation of the pore volume or saturated 
thickness, which for MMV, regulatory and ownership purposes should be done.  The relative comparisons made are 
finite differences without reference to the magnitude of the difference.  In all context unless otherwise stated, CO2 is 
the displacing fluid and brine is the displaced fluid.   
2.1. Mobility and viscosity ratio 
The mobility ratio (M) is defined as the mobility of the displacing fluid divided by the mobility of the displaced 
fluid.  Mobility (O) is the ratio of the relative permeability (kr) of fluid to its viscosity (P).  For CO2 and water the 
mobility formula appears as follows: 
M = Oco2/ Ow = (krco2/Pco2)/(krw/Pw)
A special case of the mobility ratio is if the displacing and displaced fluids are miscible or soluble (if capillary 
pressure between phases is zero or near zero). In this case, these relative permeabilities are equal, and the mobility 
ratio is equal to the ratio of the fluids’ viscosity. 
M = Pw /Pco2
Mobility ratio is directly related to the relative velocity of each fluid.  When the velocity of the displacing fluid is 
greater than the velocity of the displaced fluid, very small scale perturbations start and initiate viscous fingers.  This 
displacement process is less efficient compared to a case where the displaced fluid velocity is greater than the 
displacing fluid velocity.  Consequently, a lower mobility ratio has greater displacement efficiency compared to a 
higher mobility ratio.  For mobility less than one, the displacement fluid’s velocity is less than the displaced fluid’s 
velocity.  For mobility greater than one, the displacement fluid velocity is greater than the displaced fluid’s velocity.  
A mobility of one represents equal velocity of the displaced and displacing fluids. 
For CO2 and brine, viscosity can only change based on pressure, temperature and water salinity.  Water viscosity 
is much less a function of pressure compared to CO2 viscosity over the pressure ranges most likely to occur in 
geologic sequestration.  Over a range of temperature and pressure likely in geologic sequestration, CO2 viscosity 
may be 0.065 to 0.075 cp, while, depending on salinity, viscosity of brine water may be 0.5 to 1.0.  Assuming that 
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these relative permeabilities are similar magnitude, the mobility ratio would be 2 to 4, which represents a slightly 
inefficient displacement process.   
For relatively higher brine salinity and increased viscosity, the plume size would be larger and storage of CO2
less efficient.  With depth and increased temperature and pressure, the viscosity difference mobility ratio may be 
slightly lower; however, it depends strongly on the temperature and pressure of the injection zone.   
To determine the relative permeability used in the calculation of mobility, each fluid’s respective saturation is 
needed.  Consequently, there are multiple definitions of mobility ratio in the literature.4  Relative permeability in this 
ratio for piston-like displacement or nearly piston like displacement (when only CO2 moves behind the CO2-brine 
water interface*) can be defined as the end points of the relative permeability curve.  For CO2 this would be the 
maximum relative permeability at the irreducible water saturation, and for brine water it would be the maximum 
relative permeability at the irreducible CO2 saturation.  If CO2 and water are both mobile behind the CO2-brine 
water interface, the mobility ratio is defined at a specific brine water or CO2 saturation and the relative permeability 
of each fluid is used at that saturation to define the mobility ratio.  However, the endpoint ratios are a good means of 
comparing different sites and a basis for a more generally applicable correlation. 
2.2. Effective permeability 
Injection into a wellbore yields radial flow geometry and an exponential pressure decrease around the well.  The 
lateral extent of a plume is directly related to the horizontal and vertical pressure gradients.  The horizontal pressure 
gradient is due to radial flow, while the vertical pressure gradient is a consequence of the difference in CO2 and 
brine density.  For this discussion, the permeability is isotropic laterally and vertically, but vertical permeability is 
much less than lateral permeability.   
In general, the horizontal velocity of CO2 decreases with distance from the injection well as the pressure gradient 
decreases.  The vertical velocity of CO2 is a constant (assuming constant vertical perm and a specific depth) due to 
density difference only.  At some radius from the well the horizontal and vertical CO2 velocity will be of similar 
magnitude and a more noticeable and substantial volume of CO2 will move upward.  At a greater radius the vertical 
pressure gradient will be much greater than the horizontal pressure gradient, and most all of the CO2 will move 
vertically.  For very thick intervals with lower volumes of CO2, the plume area will be nearly the distance to this 
radius of equal velocity.  Only when the CO2 reaches the confining interval will the plume area again grow in size.   
It is difficult to separate the affects of vertical and lateral permeability on plume size, so the plume size 
discussion will be developed using the ratio of vertical to horizontal permeability (kv/kh).  To understand this a few 
extreme cases can be considered.  A lower ratio of kv/kh will result in a larger horizontal pressure gradient extending 
further into the injection interval, and the plume area will be larger.  For higher kv/kh ratios, a lesser horizontal 
pressure gradient extends into the formation, and the plume area will be smaller as more CO2 will move upward.  
Again, no additional growth in plume area occurs until the confining layer is reached.   
2.2 Effective porosity 
Generally porosity is not considered to have much influence on plume size because it not considered a flow 
property; however, it is a storage property and plume size (volume) is directly related to porosity.  For a given 
permeability, if porosity increases more pore volume is present within a smaller radius, compared to lower porosity.   
Plume area is smaller for larger porosity and is larger for lower porosity, for a given permeability and injection 
volume. 
2.3 Net thickness 
Net thickness is the portion of the gross thickness that has porosity and permeability adequate for a specific fluid 
to pass through it.  Generally a threshold absolute permeability is used to define net thickness from gross thickness.  
For example, if a 100 ft gross interval exists and upon injection, CO2 entered all of the intervals to varying degrees, 
the net interval would be 100 ft.  For a given volume of CO2 that is distributed evenly over the thickness of the 
injection zone, a relatively larger thickness will have a smaller plume area.  This negates any segregation which is 
likely to happen in thicker intervals. 
*The interface is also referred to as the CO2 front. 
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2.4 Vertical heterogeneity (layering effect) 
Variations in the horizontal permeability and vertical permeability by subintervals within the injection zone can 
have dramatic affect on the plume size.  Relatively lower permeability zones reduce the vertical velocity of CO2
through it, and an increase or buildup of CO2 volume (saturation) occurs below these intervals.  The buildup in 
saturation increases, and the lateral growth of the CO2 immediately below this interval increases.  The kv/kh ratio, 
thickness and areal extent of the relatively lower permeability zone will determine the growth of the CO2 plume 
beneath it.  In most cases, the permeability needs to be nearly two orders of magnitude to have a substantial affect.  
If the sub-interval is truly impermeable (e.g. a thin shale), CO2 will build up and move laterally underneath this 
interval similar to CO2 moving laterally underneath a confining layer.  The plume area will continue to grow until 
there is a break in the shale.  Depending on the distribution of this shale, the CO2 plume will grow vertically, but 
will be unsymmetrical with respect to the wellbore and may continue to grow at some distance away from the upper 
part of the wellbore.   
If the perforated interval is low in the injection zone, the layering effect can increase storage efficiency 
substantially, but may increase the area/extent of some portion of the plume much more than if the layering effect 
was negligible.   
2.5 Lateral heterogeneity 
Anisotropic horizontal permeability leads to an irregular CO2 front as CO2 grows in the relatively higher 
permeability portions of the formation.  These types of anisotropic permeability variations are completely due to the 
depositional environment.   Permeability anisotropy will cause the plume area to be much larger compared to an 
isotropic horizontal permeability, and will lead to an asymmetrical plume shape. 
2.6 Geologic structure 
Injection under a geologic structure such as an anticline or dome may reduce the lateral movement of CO2
regardless of other features discussed.  CO2 injection immediately below a confining interval (assuming adequate 
vertical permeability) will tend to fill the area under the structure with CO2 and move the plume downward while it 
grows horizontally.  This growth will continue to be limited and storage efficiency maximized until the CO2 reaches 
the spill point of the geologic structure and moves beyond the limits of the structure.  Depending on the geologic 
feature outside of the structure, the plume area is likely to grow dramatically as CO2 moves beyond and outside of 
the structure.   
An ideal combination of layering effects deep in a thick formation underneath a geologic structure will lead to a 
small plume size and high storage efficiency.  
3. Grouping Properties 
Because of the relative effects of changing rock and fluid properties, grouping similar properties into families of 
terms reduces the number of variations or combinations of rock and fluid properties necessary to understand 
displacement processes.4  As an example, viscous and capillary terms can be grouped to improve understanding of 
microscopic displacement.  Additionally, viscous and gravity terms can be combined to understand gravitational 
component to macroscopic storage efficiency.  Different combinations of properties into different groups of terms 
are possible and should be tested for CO2 and brine in the laboratory and through modeling.  The following is not 
intended to be the only combination of terms that could best represent CO2-brine  displacement but is intended to 
show how useful these relationships can be in designing sites with regards to plume size and storage efficiency.   
3.1. Viscous and capillary forces 
As an example, viscous forces (Fv) can be represented by the interstitial velocity (v) and viscosity of CO2, and the 
capillary forces (Fc) represented by the surface tension between CO2 and brine (Vco2-w).  The ratio of these two is 
called the capillary number (Nca):
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Nca = (v Pco2) / Vco2-w
For water-displacing-oil processes water is assumed to be the wetting phase, and the capillary number correlates 
with the microscopic displacement of oil, which basically predicts the residual oil saturation.  Oil-water correlations 
show that dramatic reduction in residual oil saturation (non-wetting fluid) occurs as the capillary number increases.  
This can be used to approximate the microscopic displacement efficiency and with assumptions on the flow 
geometry, the plume size can be inferred.   
For water displacing oil, the displaced fluid (oil) is the non-wetting fluid.  For CO2 displacing brine, the displaced 
phase is the wetting phase.  So a direct correlation of the capillary number to the irreducible water saturation may 
not be as strong because it is the wetting phase.  However, as a design tool to estimate the microscopic storage 
efficiency, a similar trend is likely.  Laboratory experiments designed to collect this type of information would be 
worthwhile to have a correlation that would predict the irreducible water saturation (microscopic displacement 
efficiency, Ed), which would lead to conclusions regarding the plume area and storage resource.  
3.2. Viscous and gravity forces 
A comparison of viscous and gravity forces can be useful to understand a component of vertical storage 
efficiency due to gravity (not layering).  Viscous forces are represented by the interstitial velocity, horizontal 
permeability and viscosity of the displaced phase.  Gravity forces are represented by the difference in density 
between the two fluids ('U).  Because the thickness (h) is relevant to the gravity term, a length (L) component is 
also used in the viscous term.  The ratio of viscous to gravity forces (Rv/g) is below: 
Rv/g = ((v Pco2) / (k 'U)) (L/h) 
The viscous/gravity forces ratio correlates with the gravity vertical storage efficiency, Eg.  As the ratio increases, 
the vertical storage efficiency increases.  As the vertical storage efficiency increases, the plume size decreases 
because CO2 moves more uniformly and contacts more of the formation without CO2 growing vertically and 
laterally under the caprock (gravity override).  These parameters can be studied individually to understand relative 
effects of each.  For example, a larger difference in density lowers the storage efficiency and reduces the plume size. 
4. Conclusions 
Generalizations can be made on plume area based on geologic and rock properties using correlations in the oil 
industry.  CO2 and brine water specific correlations can be built using laboratory data, field data and modeling.  
Tools like these should be used during the site screening process and to verify numerical simulation model results.  
In general less efficient storage processes have larger plume areas.   
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